With the genomic sequencing of Arabidopsis nearing completion and rice sequencing very much in its infancy, a key question is whether we can exploit the Arabidopsis sequence to identify candidate genes for traits in cereal crops using a map-based approach. This requires the existence of colinearity between the Arabidopsis and cereal genomes, represented by rice, which is readily detectable using currently available resources, that is, Arabidopsis genomic sequence, rice ESTs, and genetic and physical maps. A detailed study of the colinearity remaining between two small regions of Arabidopsis chromosome 1 and rice suggests that at least in these regions of the Arabidopsis genome, conservation of gene orders with rice has been eroded to the point that it is no longer identifiable using comparative mapping. Although our analysis does not preclude that tracts of colinear gene orders may be identified using sequence comparisons or may exist in other regions of the rice and Arabidopsis genomes, it is unlikely that the extent of colinearity will be sufficient to allow map-based cross-species gene prediction and isolation. Our research also highlights the difficulties encountered in identifying orthologs using BLAST searches in incomplete sequence databases. This complicates the interpretation of comparative data among highly divergent species and limits the exploitation of Arabidopsis sequence in monocot studies.
Comparative genome analyses have shown the existence of conserved gene orders (colinearity) in the genomes of different plant and mammal species. In plants, this is best documented in the grass family, where colinearity has been maintained over evolutionary periods as long as 60 million years (Devos and Gale 1997; Gale and Devos 1998) . In mammals, the most comprehensive comparative maps are available for human and mouse, which diverged ∼70 million years ago (Carver and Stubbs 1997) . Although short-range conserved synteny has been demonstrated between the genomes of human and chicken (Klein et al. 1996) and human and pufferfish (Elgar et al. 1996) , which diverged some 300 and 400 million years ago, respectively, conserved synteny does not imply conservation of gene orders. Paterson et al. (1996) predicted that 43%-58% of chromosomal tracts Յ3 cM should have remained colinear over the evolutionary time period [130-240 million years (Wolfe et al. 1989; Crane et al. 1995) ] separating the monocots and eudicots and provided some empirical mapping data to support this hypothesis. With a large part of the Arabidopsis sequence available, we aimed to investigate whether Arabidopsisrice colinearity can be identified and thus exploited using currently available data and tools. The key issue is not the existence of colinearity at the sequence level. It is clear that any colinearity that can be detected only when the genomic sequence is available for both rice and Arabidopsis will have limited applications. Once the rice sequence is available, the exploitation of rice, and not Arabidopsis, sequence will be the priority in cereal research. In the absence of rice genomic sequence, a comparative genetic study of the location in the rice genome of expressed sequence tags (ESTs) with homology to genes from the top of Arabidopsis chromosome 1 failed to demonstrate that gene orders had remained conserved over the monocot-eudicot divide to the extent that Arabidopsis sequence could be exploited for the map-based identification and isolation of genes underlying cereal traits. The study also highlights the practical problems involved in establishing relationships between highly divergent genomes.
RESULTS AND DISCUSSION
To establish whether gene orders remained conserved over smaller genetic distances, genes belonging to the same BAC and to BACs spaced over two regions of maximum 3 cM of Arabidopsis chromosome 1 were selected for an Arabidopsis-rice comparative study (Fig.  1a) . BLAST searches identified one or more rice ESTs (n Ն 200) for 53 of 128 annotated Arabidopsis genes from five BAC clones. A further 47 hits were obtained when querying the rice EST database with the complete sequence of five nonannotated BACs (data available at http://pgec-genome.pw.usda.gov/sequencing. html in January 1998). Initially, Arabidopsis genes for which no putative rice homolog could be identified at the nucleotide level, were rescreened at the amino acid level. However, levels of homology between Arabidopsis genes and rice ESTs that were identified at the amino acid level only were generally too low for the hits to be considered orthologs. BLAST searches at the amino acid level were therefore not pursued further. Because it was expected that a number of the rice hits obtained at the nucleotide level were also not orthologous to the Arabidopsis query sequence, the rice ESTs were rescreened against the Arabidopsis database. About 30% of the identified rice ESTs displayed a higher degree of homology to Arabidopsis BACs other than those originally used to select them, indicating that they do not correspond to the Arabidopsis genes in the target region.
Of the remaining rice ESTs, 33 were mapped to 33 loci on 10 of the 12 rice chromosomes (Fig. 1b) . Their estimated copy number in rice, based on the number of hybridizing fragments, is given in Figure 1a . For probes that detected weak fragments in addition to a strongly hybridizing fragment, only the map position of the latter was included in the analysis. Sixty-seven percent of these loci mapped to rice chromosomes 1, 2, 3, and 5. This could be defined as synteny strictu sensu, that is, genes lying on the same chromosomes, without making assumptions about genetic linkage. Potential regions of conserved synteny could be observed, for example, between contigs 1 and 2 of Arabidopsis chromosome 1 and rice chromosome 5 (Fig. 1b) . Nevertheless, within these regions, little evidence was found for conserved gene orders.
Elsewhere on rice chromosome arm 8S, two markers from contigs 2 (E60275) and 3 (S20913), which spanned a genetic distance of 1.2 cM in Arabidopsis, detected closely linked (0.3 cM) loci (Fig. 1) . No conserved positions in rice were found, however, for the other Arabidopsis genes located in this apparently conserved region. Assuming that this linkage is a remnant of ancestral gene associations, our data suggest that the conservation between monocot and eudicot species of ∼50 % of 3-cM intervals, as suggested by Paterson et al. (1996) , may be an overestimate. A level of conserved synteny, as identified between Arabidopsis chromosome 1 and rice, has limited applications in map-based gene prediction.
It thus appears that the 130-240 million years that separate Arabidopsis and rice have largely eroded close linkages, at least in the area under investigation. One can argue that although a number of nonorthologs were discarded based on the results of a reciprocal BLAST search, no evidence is available to suggest that the remaining rice ESTs are orthologous to the Arabidopsis target genes on chromosome 1. Rice ESTs were initially selected mainly on the basis of 5Ј homology. To estimate the extent of homology between the rice and the corresponding Arabidopsis genes more accurately, 17 of the mapped rice ESTs were also sequenced from the 3Ј end, and these 3Ј ends were subjected to BLAST searches against the Arabidopsis database. Nine clones showed a level of homology with both the 5Ј and 3Ј ends to the BAC originally used to select the rice ESTs (Fig. 1a) . For one rice EST, different BACs were identified with the 3Ј and 5Ј end sequences, whereas the 3Ј ends of the remaining clones displayed no homology to Arabidopsis BAC sequences. Lack of homology, especially when the 3Ј end sequence consists of <400 bp, may be explained by the presence of a 3Ј-untranslated region, which is unlikely to have remained conserved between Arabidopsis and rice. However, it is possible that a number of these BLAST hits represent domain homologies rather than gene homologies.
To determine the level of error introduced in BLAST-based comparative analyses, correspondence of the hybridization patterns of 11 Arabidopsis exons and their putative rice homologs were used to evaluate orthology between the identified Arabidopsis and rice sequences. From the seven genes that cross-hybridized, two produced a pattern different than that of the corresponding rice ESTs. Good correspondence between the hybridization patterns was obtained for the remaining five Arabidopsis sequences and rice ESTs, all of which displayed homology with Arabidopsis at both the 5Ј and 3Ј ends. However, for genes belonging to multigene families or displaying different copy numbers in rice and Arabidopsis, paralogous loci could have been mapped in the two species. From the nine mapped rice ESTs that displayed good homology at both the 5Ј and 3Ј ends with Arabidopsis, only three produced single copy patterns in both rice and Arabidopsis. For two further ESTs, a comparison of the relative signal strengths of the hybridizing fragments in Columbia (the ecotype used to construct the Arabidopsis BAC library), in the target BAC, and in rice confirmed that orthologous loci had been mapped in Arabidopsis and rice (Fig. 1a) . No conclusions could be drawn for the other four genes. Although this stringent selection retained the two loci that were linked in both Arabidopsis and rice, colinearity was not maintained for an additional locus from the same BAC (Fig. 1a) . Two loci from two other BACs that mapped <3 cM apart were also not linked in rice (Fig. 1a) .
In addition to demonstrating a lack of identifiable genome conservation between the top of Arabidopsis chromosome 1 and rice using currently available comparative mapping tools, our study highlighted the need for careful interpretation of comparative data between species as divergent as monocots and eudicots. The alignment of conserved domains in nonorthologous genes in BLAST queries and the identification of different members of multigene families may confound relationships. Although this would most likely lead to an underestimation of the extent of synteny, the alignment of nonorthologous genes following a BLAST search in a database biased toward genes with nonrandom genome distribution could provide apparent support for conserved relationships. Based on the stringency of the parameters used in defining genome conservation, different investigators may therefore come to varying conclusions.
A fuller picture of the precise relationship between the Arabidopsis and rice genomes will emerge as more sequence data become available. However, even if tracts of conserved gene orders do exist between the two model species at the DNA sequence level, the fact that they are not readily identifiable using currently available comparative mapping tools will greatly diminish the impact of comparative knowledge between Arabidopsis and rice on grass genome analyses. The exploitation of rice rather than Arabidopsis genomic sequence will then be the priority in cereal research. Nevertheless, for certain applications such as the identification of orthologous relationships between different members of a gene family and the study of positional effects on gene function, the relative position of genes in the Arabidopsis and rice genomes will continue to be important.
METHODS Homology Searches
A BLAST search was conducted at the nucleotide level with the Arabidopsis gene sequences from five annotated BAC clones from the top of Arabidopsis chromosome 1 (F21M12, F7G19, F19G10, T26J12, and F21J9; Fig. 1a ) against the rice EST database of the Japanese Rice Genome Programme (RGP), which contains mainly 5Ј end sequences. For the remaining BACs (Fig. 1a) , the complete sequence was used in BLAST searches. Reciprocal BLAST searches using selected rice ESTs as query against the Arabidopsis thaliana Database (http:// genome-www.stanford.edu/Arabidopsis/) were also carried out at the nucleotide level.
DNA Sequencing
Rice ESTs were sequenced from the 3Ј end by the dideoxy termination method using fluorescent primers on an Applied Biosystems ABI 377 automated DNA sequencer.
Plant Material
An F 2 population of 186 plants from the Oryza sativa cross Nipponbare (japonica) ‫ן‬ Kasalath (indica) was used for mapping in rice (Kurata et al. 1994; Harushima et al. 1998 ). Additional mapping was carried out in a population of 155 F 2 progeny or their F 3 families from the cross IR20 (indica) ‫ן‬ 6383 (japonica) (Quarrie et al. 1997 ). The A. thaliana ecotype Columbia was used for cross-hybridization experiments.
Primers and Probes
Primers to rice and Arabidopsis sequences were designed using the program "Primer" (Whitehead Institute for Biomedical Research, Cambridge, MA). Rice ESTs were obtained from RGP, and Arabidopsis BACs were from The Arabidopsis Biological Resource Center (Columbus, OH). Arabidopsis probes were prepared by PCR amplification of exon sequences from BAC F21M12 using standard conditions.
Marker Analyses
DNA isolation and digestion, electrophoresis, and Southern blot transfers were performed as described by Kurata et al. (1994) and Sharp et al. (1988) , for use with chemiluminescent and radioisotope labeling and detection systems, respectively. For chemiluminescent labeling and detection of probes, the ECL-Direct kit (Amersham) was used according to the supplier's instructions. Hybridization conditions following radioactive labeling with 32 P were performed as described by Laurie et al. (1993) . Restriction fragment length polymorphism (RFLP) markers were added to the existing Nipponbare ‫ן‬ Kasalath and IR20 ‫ן‬ 6383 genetic maps using the "try" command of the program Mapmaker version 3.0 (Whitehead Institute for Biomedical Research).
Physical mapping of rice ESTs to YACs by PCR was carried out as described by Umehara et al. (1996) . The publication costs of this article were defrayed in part by payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
